Variations of the diameter, shape and irradiance are ultimately related to solar activity. However, further investigations are needed on how a weak magnetic variation field might cause variations in the irradiance amplitude, combined with a shrinking or an expanding shape. Indeed, accurate measurements of the solar diameter started by Jean Picard showed that the solar diameter might be greater during the Maunder minimum of the solar activity. Following Picard (and some other heirs), there has been a lot of other measurements, ground-based or from space. In this paper we will review the question, extending diameter variability to shape changes. We will show how helioseismology results allow us to look at variations below the surface, where changes are not uniform, and to put in evidence a new shallow layer, the leptocline. Based on accurate space and ground-based observations, we show that the oblateness of the Sun is time dependent, in phase with solar activity. In a time of low activity, the equatorial diameter slightly increases under the influence of J 2 , with no effect of J 4 , so that the oblateness is decreasing (reverse mechanisms happen when the solar activity is higher). We will review here the physical properties and we will base our discussion on physical grounds, showing why it is important to get accurate measurements from space via SDO -Solar Dynamics Observatory-or DynaMICCS missions for instance. Those measurements will provide us a unique opportunity to study in detail changes of the global solar properties and their relationship to changes in the Sun's interior.
Introduction
In spite of its apparent simplicity, the determination of the outer solar shape is still a very difficult matter. Physics teaches that for bodies in rotation, under the combined effect of a non uniform distribution of both the velocity rates and mass, the equilibrium surface is distorted. This is the case of the Sun, for which differential rotation is not only constant over the layers lying just below the surface, but also for those deeper inside, as well as for the core itself. The density is also not constant from the core to the surface: nearly 25 % of the mass is concentrated over the first quater of the radius. Moreover it is now well known that a rebound of density occurs inside the tachocline (0.7 R ). Thus a distorted outer shapes is expected. Two questions arise which are:
• How to quantify the asphericities resulting from departures to sphericity?
• Are they relevant to drive astrophysical phenomena?
254 Rozelot, Damiani & Pireaux These two items shape the corpus of this paper, with a particular attention laid on the multipolar gravitational moments, for which we need observations at a high astrometric level of accuracy. Figure 1 . Left: The velocity rotation rate shows a break near the surface indicated by arrows (After Howe et al., 2000) . Middle: f -mode analysis show a non-monotonic expansion of the solar radius with depth and a phase changing with activity. The layer around 0.995 R (called leptocline) is the seat of physical changes (After Lefebvre and Kosovichev, 2005) . Right: The asphericity coefficient (c n ), of order n= 4, clearly indicates the signature of both the tachocline and the leptocline (After Rozelot et al., 2007) .
Solar shape and asphericities coefficients
Solar shape coefficients c n , also referred to as asphericities, reflect the internal nonhomogeneous mass distribution and non-uniform angular velocity (function of the radial distance to the center and of the latitude - Fig. 1, left) . A careful inspection of the curve c n (r) reveals two breaks. The first one is the signature of the tachocline. The second one, located around 0.995 R (Fig. 1, right) , was dynamically studied through f -modes, which probe the physical changes just below the photosphere (Lefebvre & Kosovichev, 2005) . Asphericities (c n ) are directly linked to solar gravitational moments J n which are not only crucial for solar physics, but also for astrometry (when computing light deflection in the vicinity of the Sun), celestial mechanics (relativistic precession of planets, planetary orbit inclination and spin-orbit couplings) and for future tests of alternative theories of gravitation (correlation of J 2 with Post-Newtonian parameters): Pireaux & Rozelot (2003) , Pireaux et al. (2005) .
The so-called "leptocline", very near solar surface, is a stratified thin double layer, interfacing the convective zone and the surface. It is the seat of many phenomena: an oscillation phase of the seismic radius, together with a non-monotonic expansion of this radius with depth ( Fig. 1, middle) , a change in the turbulent pressure, a possible inversion in the radial gradient of the rotation velocity rate at about 50
• in latitude, opacity changes, superadiabicity; it is also the cradle of hydrogen and helium ionisation processes and probably the seat of in-situ magnetic fields . Progress on this important transition zone supposes a good understanding of the interplay between the different processes which contribute to this variation, as explained in (Lefebvre et al. 2009 ). Fig. 2 shows a schematic view of the complex physics in this shear zone. Spacededicated missions, such as Golf-NG/DynaMICCS, in a joint effort with SDO (Solar Dynamics Observatory) are scheduled in a next future to provide a new insight on this question †. 
The oblateness (ε)
For a fluid body in rotation, the surface departures from the initial sphere can be determined when developing the total body potential, sum of the gravitational and rotational potentials, in spherical harmonics of degree l and order m. For the Sun, due to axial symmetry, one can keep only even degrees. The first two terms, that is to say l = 2, m = 1 (oblateness), and l = 4, m = 2 (hexadecapolar term) are relevant, while the others are of an order of magnitude which has no more impact on the underlying physics (of the order of 1 ×10 −9 , 1×10 −11 for the two followings). The order of magnitude for the oblateness of the Sun (ε) is easily found. Considering a uniform velocity rate ω and a distribution of density decreasing from the core to the surface according to a power law (Chandrasekhar, 1933) , it can be shown that:
Precise estimates are made more complex due to the differential rotation of layers, as well as the rotation of the core, especially if this core is rotating at a higher speed than the surface (it is expected that the core must rotate at about twice those of the surface, Turck-Chièze et al. 2008) . A higher value is thus expected for the oblateness than Eq. 3.1.
Today we are facing a paradox. Due to the advent of sophisticated techniques in interferometry (long-based), the oblateness of stars are determined with high accuracy, and a better precision than for the Sun itself. For instance, the difference between equatorial and polar radius of Altair is: ∆ r = 424 ± 79 microarcs and that of Achernar is ∆ r = 910 ± 50 microarcs , values which can be compared to that obtained for the Sun, ∆ r = 10 ± 2 mas.
Two points ensues here.
First, the non-spherical shape of a rotating star causes a departure from thermal equilibrium which generates large scale meridional currents. As already emphasized by several authors and first acknowledged by Ledoux (1945) , this meridional circulation influences the pulsations of the star. Indeed it generates a differential rotation which in turn, causes hydrodynamical instabilities. The net effect results in transport of chemical elements and angular momentum in radiative regions and modifications of the thermodynamical state of the star. Such processes influence the star evolution and structure. It is the case for the Sun, and the analysis of f -modes shows how the sub-surface is modified.
The second point is the temporal dependence of the oblateness. As soon as 1996, through observations at the Pic du Midi Observatory, we showed (likely for the first time) the temporal dependence of the oblateness, which was found to be in phase with the solar activity. However, we did not fully understand at that time why the equatorial diameter seems to vary in antiphase with the solar activity. We thus suspected a bias in our observations. We can now provide additional arguments to explain how the solar shape varies in time, in a complex manner due to the influence of the hexadecapolar (J 4 ) term.
As far as the oblateness is concerned, Sofia et al. (2006) reported estimates deduced from the SDS experiment, for the years 1992 (4.3 ± 2.0 × 10 −6 ), 1994 (8.5 ± 2.1 × 10 −6 ), 1995 (8.6 ± 1.4 × 10 −6 ) and 1996 (10.3 ± 1.9 × 10 −6 ). They found the oblateness in antiphase with the solar activity. However, the 1992 estimate, is not in agreement with the rotation at the solar surface, and far below (it is expected 7.8 × 10
−6 , for a uniform rotation; how the oblateness could be lower?) Moreover, if we note that the differential rotation at the surface increases the oblateness (Tassoul, 2000, Lefebvre and , we may have some doubts on this 1992 value (due to a remaining instrumental effect as the authors suggest themselves? Note that we insist here on the necessity to get observations and we emphasize only the difficulty to achieve accurate measurements, including balloon space missions). If the 1992 estimate is removed, a slight decreasing trend can be perceived through the error bars of the data (i.e. a phasing with solar activity). Besides, a 1990 observation was made reported in earlier papers, and then disappeared in the revised values published by Egidi et al.(2008) . Our own estimates were published since 1996 Rozelot, 1996, Rozelot and Bois (1998) and . The weighted estimates of the solar oblateness are: 11.61 ± 7.41 (1993); 9.25 ± 1.41 (1994); 5.5 ± 3.1 (1995), 8.9 ± 2.1 (1996); 9.46 ± 1.38 (2000) and 9.03 ± 2.5 (2001). We may add the estimates obtained in more recent campaigns. Figure 3 shows the last results obtained at the Pic du Midi (F) observatory (over a solar cycle), by means of the heliometer located in the so-called "coupole J. Rösch". A phased variation with the cycle is clearly seen. 
The hexadecapolar J 4 term
The accurate determination of the J 4 term is not easy, as it can be seen from several papers already published on this question. Taking into account the radial gradient of rotation, we found theoretically ) J 4 = + 4.5 10 −7 ± 25 % (and J 2 = -2.5 10 −7 ± 20 %). The range of the results comes from the different values that can be assigned to the coefficients of the rotational law. One can find a discussion of the above estimates in the quoted paper. Another method to determine J 4 is through the theory of figures, for which we found J 4 = 6.291 10 −7 (Ajabzirizadeh et al., 2008; error bars can be set up at 2.0 10 −7 ), taking into account the role of the solar magnetic field. These values are an order of magnitude less that those obtained through the theory of stellar structure (see Pireaux and Rozelot, 2005) . In the helioseismology analysis, the kernels for the high-order multipole moments are more concentrated near the surface, and may be responsible for the difference. However, our estimate are consistent with observations of Lydon & Sofia (1996) , leading to J 4 = 9.83 10 −7 (and J 2 = 1.84 10 −7 ). We think that the contribution of J 4 -if its value is confirmed to be of the same order of magnitude than J 2 -is a key to explain solar observations. Let us report here the results obtained from space missions:
1. Emilio et al. (2007) reported a solar shape distortion using the Michelson Doppler Imager (MDI) aboard the Solar and Heliospheric Observatory (SOHO) satellite, after correcting measurements for bright contamination. It was found that the shape distortion is nearly a pure oblateness term in 2001, while 1997 has a significant hexadecapolar (J 4 ) shape contribution (Fig. 5) .
2. Antia et al. (2008) analyze on a timescale of the solar cycle, the variation of the angular momentum of the Sun and the associated variations in the gravitational multipole moments, by inverting helioseismic rotational splitting data (obtained by the Global Oscillation Network Group and by the Michelson Doppler Imager on the Solar and Heliospheric Observatory. They found a temporal variation in angular momentum at high latitudes (> 45
• ) through the convection zone positively correlated with the level of solar activity, whereas at low latitudes it is anticorrelated, except in the top 10 % by radius where both are correlated positively. The variation (in relative value, not in absolute Emilio et al., 2007) one) is less than the one we found from the sinusoid fitted to the c 4 coefficients derived from our observations. The difference could partly originate from errors in the distortion observed, but it is likely to be due to the direct effects of the centrifugal force and the magnetic field.
3. Recent observations from RHESSI (Fivian et al. 2008) shows in the data obtained since 2004, an excess of oblateness of around 2 mas that the authors attribute to the EUV limb brightness. We are wondering if this excess is not merely the increase of oblateness due to the differential rotation. In other words, the excess could be explained by the combined contribution of the oblateness (quadrupolar term) and the hexadecapolar term.
5. Relevance of J 2 and J 4 to solar astrophysics and other fields
Solar astrophysics
From the point of view of solar astrophysics, a number of questions are pending about solar global properties. What is the influence of solar core dynamics on the values of J n , c n and global solar spin J ? What is the influence of solar latitudinal rotation on J n , c n and J ? How to reconcile different estimates of J n ? How the temporal dependence of J n , c n and J with the solar cycle may affect the planets perihelion ?... A precise knowledge of J n , c n and J might be crucial to constraint solar models (differential rotation law, density inhomogeneities) or solar evolution. The solar parameters J n , c n and J are not only relevant to solar astrophysics, but their dynamical consequences in relativistic astrometry and celestial mechanics might help set constraints on solar models.
Relativistic astrometry
Space-time is shaped by the presence of Solar System bodies. The space-time curvature induced by the Sun leads to light deflection or corresponding time-delays in the propagation of signals. Precise astrometry in the solar neighborhood will thus require precise knowledge of the solar quadrupole moment and spin. Indeed, in addition to the solar mass monopole contribution (∼ 1.75 arcsec light deflection at grazing incidence), there is a quadrupolar one (∼ 0.4 − 0.3 µarcsec at grazing incidence) and rotational solar contribution (∼ ±0.7 µarcsec at grazing incidence) (Pireaux 2002) . Unfortunately, the contribution of the J 2 -term to light deflection drops dramatically as the angle of incidence increases (non-grazing incidence) (Pireaux 2002) . Post-Newtonian parameters are used to test alternative theories of gravitation. At first Post-Newtonian order, the only post-Newtonian parameter present in the light deflection angle expression is γ (with γ ≡ 1 in General Relativity (GR)). It encodes the amount of curvature of space-time per unit rest-mass.
Relativistic celestial mechanics
The solar quadrupole moment also plays a role in celestial mechanics. The relativistic precession of the perihelion of planets is a known phenomena (Pireaux & Rozelot 2003) , ∼ 43 arcsec per century in the case of Mercury. Together with γ, the post-Newtonian parameter β contributes to the relativistic precession. The latter parameter encodes the amount of non-linearity in the superposition law of gravitation (with β ≡ 1 in GR). A precise knowledge of J 2 might be useful for precise ephemeris. Indeed, presently, there is a strong correlation between β and J 2 in planetary ephemeris, up to 80% for some data sets. Hence, one cannot fit simultaneously for those two parameters. Furthermore, the solar quadrupole moment has other influences, as on planetary spins and on the ecliptic plane. A better knowledge of J 2 would thus help long-term Solar System modelization. Finally, through Solar System spin-orbit couplings, J 2 and J will indirectly influence the orbital parameters of Solar System bodies. For example, the Moon-Earth spin-orbit coupling propagates the influence of the solar quadrupole moment to the Moon. This allowed to set a dynamical upper bound on the solar quadrupole moment, J 2 3 × 10 −6 (Rozelot & Rösch 1997; Bois & Girard 1999) , through observed lunar librations.
Tests of alternative theories of gravitation
We recall how presently the β and J 2 parameters are correlated. Using a reasonable value for J 2 and present best constraints on post-Newtonian parameters γ and β, GR is still in the battle, but there is room for alternative theories too (Pireaux & Rozelot 2003 ).
Conclusion
The estimation of the three parameters, namely the oblateness (ε), J 2 and J 4 requires an astrometric precision. The accuracy involved is of the order of the mas, that is to say at the cutting edge of all existing techniques. This is probably the main reason for which the existing values seems disparate. We suggest that a deeper study of the leptocline might be useful to understand the physical mechanisms involved, leading to a better determination of J 4 .
A precise knowledge of J n , c n and J might be crucial to constrain solar models (differential rotation law, density inhomogeneities) or solar evolution. Those parameters are not only relevant to solar astrophysics, but their dynamical consequences in relativistic astrometry and celestial mechanics might help also to set constraints on solar models.
One of our main conclusion is that the solar oblateness is cycle dependent, in phase with the solar activity. Due to the fact that the hexadecapolar term might be of the same order of magnitude than the oblateness, but obviously in opposite sign, it results that the equatorial radius at the surface is in antiphase with the solar cycle, that is consistent with the results deduced from the f -modes analysis.
We would like to emphasize again the key role of the leptocline in probing the subsurface. To our mind, the inversion of the radial gradient of rotation at about 50 degrees contributes to solar asphericities, the whole shape remaining oblate. In period of lower activity, the equatorial diameter slightly increases, J 2 is predominant, J 4 has no influence and ε increases. In period of higher activity, the equatorial diameter slightly decreases under the influence of J 4 which is predominant, J 2 has no influence, so that ε decreases.
